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Electron  microscopy,  X-ray  energy  dispersive  spectroscopy,  and  tomographic  reconstructions  were  used  to  char¬ 
acterize  a  high  entropy  alloy  predominantly  composed  of  refractory  elements.  The  intragranular  microstructure 
was  found  to  consist  of  a  periodic  two  phase  mixture,  where  a  disordered  bcc  phase  is  aligned  orthogonally  in  an 
ordered  B2  phase.  The  phases  were  found  to  exhibit  continuous  lattice  registry  and  an  orientation  relationship 
given  by  <100>bcc//<100>B2,  {001}f,cc//{001}B2.  X-ray  energy  dispersive  spectroscopy  was  used  to  determine 
the  compositions  of  the  phases,  and  spectral  images  were  used  in  the  tomographic  reconstruction  of  the  alloy 
to  reveal  the  morphology  and  the  elemental  partitioning  between  phases. 

©  2016  Elsevier  Ltd.  All  rights  reserved. 


In  the  recent  past,  multi-principal  component  or  high  entropy  alloys 
(HEAs)  have  garnered  significant  interest  in  the  field  of  materials  sci¬ 
ence  due  to  their  potentially  attractive  balance  of  properties  including 
high  compressive  strength  and  corrosion  resistance  [1-3].  HEAs  have 
been  defined  as  alloy  systems  composed  of  five  or  more  principal  ele¬ 
ments  in  more  or  less  equiatomic  concentrations  [4].  The  preferential 
formation  of  solid  solution  phases  has  been  observed  despite  the  com¬ 
positional  complexity  and  was  initially  attributed  to  the  high  configura¬ 
tional  entropy  of  mixing  of  the  constituent  elements  in  the  alloy  [4]. 
Other  factors  including  enthalpy  of  mixing  and  constituent  element 
atomic  size  difference,  however,  influence  the  stability  of  solid  solutions 
and  many  HEA  systems  have  been  reported  to  contain  ordered  interme- 
tallic  phases  and  complex  nanoscale  microstructures  consistent  with 
phase  separation  and/or  spinodal  decomposition  [1,5,6].  Because  of 
the  uncertainty  in  the  role  of  entropy  on  the  stability  of  these  alloys, 
they  are  referred  to  here  as  compositionally  complex  alloys  (CCA). 

The  development  of  a  novel  class  of  CCAs  using  predominately  re¬ 
fractory  elements  has  been  recently  explored  for  potential  use  in  high 
temperature  aerospace  structural  components  [7-9].  One  such  alloy, 
AliMo0.5NbiTa0.5TiiZri  (composition  in  molar  ratio),  was  reported  as 
having  high  strength  at  elevated  temperature  (ct0.2  =  1600  MPa  at 
T  =  800  °C,  ob. 2  =  745  MPa  at  T  =  1000  °C)  and  a  relatively  low  density 
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superior  to  commercially  available  Ni-base  superalloys  [8].  Characteri¬ 
zation  of  the  alloy  was  limited  to  X-ray  diffraction  (XRD)  and  scanning 
electron  microscopy  (SEM).  The  alloy  was  reported  to  contain  two  bcc 
phases  with  similar  lattice  parameters  in  a  nanoscale  interpenetrating 
microstructure  that  was  difficult  to  resolve  using  only  SEM  micrographs. 
Since  the  morphology  of  these  phases  and  the  interconnected  nature  of 
the  microstructural  features  are  expected  to  play  a  substantial  role  in 
the  deformation  behavior  and  mechanical  properties  of  the  alloy, 
AliMo0.5NbiTa0.5TiiZri  has  been  characterized  in  more  detail  using 
transmission  electron  microscopy  and  tomographic  reconstructions 
using  X-ray  energy  dispersive  spectroscopy  (XEDS). 

The  samples  of  AliMoo.sNbiTao.sTiiZri  used  in  this  study  were  pre¬ 
pared  by  vacuum  arc  melting  high  purity  metals  (99.9-99.99%)  in  an 
inert  argon  atmosphere.  Details  of  the  alloy  preparation  are  described 
elsewhere  [10].  Following  solidification  and  hot  isostatic  pressing,  the 
sample  was  heat-treated  at  a  temperature  of  1400  °C  for  24  h  followed 
by  furnace  cooling  at  a  rate  of  1 0  °C/min  to  room  temperature  in  flowing 
argon.  The  microstructure  of  the  heat-treated  sample  was  characterized 
using  backscattered  electron  (BSE)  imaging  in  an  FEI  Sirion  scanning 
electron  microscope  (SEM).  Electron  backscatter  diffraction  (EBSD) 
was  performed  on  CCA  samples  using  an  FEI  XL-30  FEG  SEM  equipped 
with  an  EDAX  Hikari  high-speed  EBSD  camera.  SEM  and  EBSD  image 
processing  and  analysis  was  performed  using  the  Materials  Image  Pro¬ 
cessing  and  Automated  Reconstruction  (MIPAR)  software  package 
[11].  TEM  lamellae  samples  were  prepared  at  site  specific  locations 
from  the  surface  of  the  bulk  sample,  from  <001  >  oriented  grains, 
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using  an  FEI  Helios  NanoLab  600  Dual-Beam  focused  ion  beam  (DB-FIB) 
instrument.  The  FIB  lift-out  and  thinning  procedures  are  described  else¬ 
where  [12]. 

The  thinned  FIB  lamellae  were  characterized  using  conventional 
bright- field  (BF)  and  dark-field  (DF)  TEM  imaging  in  an  FEI/Phillips 
CM200.  Scanning  transmission  electron  microscopy  (STEM)  high- 
angle  annular  dark-field  (HAADF)  micrographs  were  taken  with  an  FEI 
Probe-Corrected  Titan  80-300  STEM  operating  at  300  kV  and  a  camera 
length  of  1 1 5  mm.  The  convergence  semiangle  of  the  electron  beam 
was  1 1.4  mrad  and  the  inner  and  outer  collection  angles  of  the  HAADF 
detector  were  34.8  and  230.0  mrad,  respectively.  XEDS  spectra  were 
collected  using  an  FEI  Image-Corrected  Titan  60-300  STEM  equipped 
with  a  Super-X™  XEDS  detector  system.  The  TEM  was  operating  with 
an  accelerating  voltage  of  300  kV  and  an  electron  beam  convergence 
semiangle  of  25  mrad.  Cliff-Lorimer  quantification  and  analysis  of 
Super-X™  XEDS  data  was  performed  using  standardless  native  k- 
factors  in  the  Bruker  Esprit  software. 

The  low  magnification,  BSE  micrograph  in  Fig.  1(a)  captures  at  least 
two  distinct  phases,  one  consisting  of  equiaxed  grains,  and  the  other 
phase,  exhibiting  dark  contrast,  present  at  some  of  the  grain  boundaries 
of  the  AliMoo.sNtqTao.sT^Zr!  sample.  EBSD  inverse  pole  figure  (IPF) 
maps  overlaid  with  image  quality  (IQ)  micrographs,  shown  in  Fig.  1 
(b),  show  that  the  equiaxed  grains  have  a  bcc  crystal  structure.  The  iden¬ 
tity  of  the  fairly  coarse  precipitation  along  the  grain  boundaries  has  not 
yet  been  confirmed.  Low  angle  subgrain  boundaries  with  misorienta- 
tion  angles  of  <1.5°  are  present  inside  many  grains  (Fig.  1(a)  and  (b)). 
A  BSE  micrograph  (Fig.  1(c))  recorded  at  higher  magnification  reveals 
fine  precipitation  of  two  phases  in  the  equiaxed  grains.  These  precipi¬ 
tates  form  a  basket  weave  nanoscale  structure  inside  the  grains  and  be¬ 
come  coarser  at  subgrain  boundaries.  The  intragranular  micro  structure 
is  identified  by  TEM  to  consist  of  a  refined  distribution  of  two  interpen¬ 
etrating  phases,  which  appear  to  have  a  lamellar  morphology  (Fig.  1 
(d)). 


Previously,  the  microstructure  was  characterized  as  consisting  of 
two  interpenetrating  bcc  phases  [8].  As  can  be  seen  in  Fig.  1(d),  the  se¬ 
lected  area  diffraction  pattern  (SADP)  exhibits  intensity  maxima  that 
appear  to  be  superlattice  reflections.  Indeed,  the  DF-TEM  micrograph 
of  the  refined,  interpenetrating  microstructure  shown  in  the  figure 
was  recorded  using  the  reflection  circled  in  the  diffraction  pattern 
(inset),  with  the  electron  beam  being  nearly  parallel  to  a  <001  >  zone 
axis.  As  can  be  seen,  the  microstructure  appears  to  consist  of  a  refined 
distribution  of  one  phase,  exhibiting  dark  contrast  and  consisting  of  cu- 
boidal  and  stacked  platelet  precipitates  ~40  nm  in  edge  length,  aligned 
along  <  100>  directions,  within  a  lighter  contrast  phase.  Since  the  image 
is  formed  with  an  intensity  maximum  consistent  with  a  superlattice  re¬ 
flection,  it  appears  that  the  lighter  phase  is  ordered.  Given  the  locations 
of  the  superlattice  reflections  in  this  and  other  zone  axes  SADPs  (not 
shown  here),  it  is  reasonable  to  conclude  tentatively  that  the  phase 
has  the  B2  crystal  structure.  In  the  SADP  (Fig.  1(d)),  the  fundamental  in¬ 
tensity  maxima  from  both  phases  are  coincident,  and  hence,  within  the 
error  of  measurement  using  SADPs,  it  appears  that  both  phases  have  lat¬ 
tice  parameters  of  «  0.329  nm,  indicating  a  reasonable  degree  of  coher¬ 
ency  between  the  two  phases. 

Fig.  2  (a  and  b)  shows  STEM-HAADF  micrographs  acquired  with  the 
electron  beam  parallel  to  the  [001  ]  zone  axis  of  the  bcc/B2  phases.  The 
microstructure  consists  of  two  phases:  one  a  cuboidal  and  plate-like 
precipitate  phase,  exhibiting  grey  contrast,  aligned  orthogonally  in  a 
phase  which  exhibits  darker  contrast.  In  STEM-HAADF  imaging  condi¬ 
tions,  contrast  arises  from  the  collection  of  incoherently  scattered 
high-angle  electrons  and,  therefore,  from  variations  in  local  atomic 
number  between  phases  [13].  It  follows  that  the  grey  phase  has  a  higher 
average  atomic  number  than  the  darker  phase,  as  is  confirmed  by  com¬ 
positional  analyses  below.  Fig.  2(b)  shows  a  higher  magnification  STEM- 
HAADF  image  resolving  atomic  columns,  in  which  the  modulation  of  in¬ 
tensity  from  the  corner  site  to  the  body  centered  site  in  the  darker  phase 
(i.e.,  the  ordered  phase)  can  be  seen  clearly.  This  is  indicative  of  a 


Fig.  1.  (a)  SEM  BSE  micrograph  of  the  microstructure  of  AliMoo.5NbiTao.5Ti1Zri  showing  coarse  grains,  with  intragranular  features  and  dark  intermetallic  phases  at  the  grain  boundaries; 
(b)  EBSD  inverse  pole  figures  with  overlaid  image  quality  map  identifying  the  intragranular  features  as  low  angle  subgrain  boundaries;  (c)  SEM  BSE  micrograph  showing  intragranular 
microstructure  near  a  low  angle  subgrain  boundary;  (d)  TEM  darkfield  micrograph  formed  using  the  intensity  maxima  circled  in  the  selected  area  diffraction  pattern  (inset). 
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Fig.  2.  (a  and  b)  STEM-HAADF  micrographs  acquired  parallel  to  the  [001  ]  zone  axis  of  the  bcc/B2  phases  with  FFTs  corresponding  to  the  phases  identified  by  the  arrows.  Unfiltered  (c)  and 
FFT-filtered  (d)  STEM-HAADF  micrographs  resolving  atomic  columns  parallel  to  the  [01 1  ]  zone  axis  of  the  B2  phase. 


difference  in  sublattice  composition  between  the  two  atomic  positions. 
The  respective  fast  Fourier  transform  (FFT)  of  the  darker  phase  (inserted 
in  Fig.  2(a))  also  shows  spatial  frequencies  corresponding  to  ordering, 
further  suggesting  that  the  dark  phase  has  the  ordered  B2  structure. 
The  lighter  cuboidal  phase,  delineated  from  the  B2  phase  by  the  hori¬ 
zontal  dashed  line,  shows  no  apparent  change  in  intensity  between 
the  corner  and  body  centered  sites.  The  respective  FFT,  inserted  in  the 
figure,  is  consistent  with  the  phase  being  a  bcc  solid  solution.  The  orien¬ 
tation  relationship  (OR)  between  the  two  phases  is  <100>bcc//<100>B2, 
{001  W//{001  }b2,  and  there  is  continuous  lattice  registry  between  the 
two  phases  highlighted  by  the  superimposed  white  vertical  line 
shown  in  Fig.  2(b). 

From  the  image  in  Fig.  2(b),  it  appears  that  the  interface  between  the 
two  phases  is  fairly  coherent.  Interestingly,  the  XRD  study  described  in 
[8]  suggested  that  there  were  two  bcc  phases  with  slightly  different  lat¬ 
tice  parameters.  Although  it  has  been  shown  in  the  present  study  that 
one  of  the  phases  is  ordered,  it  is  important  to  comment  on  the 


difference  in  lattice  parameter  measurements  realized  in  bulk  samples 
(XRD)  vs.  thin  samples  (STEM-HAADF).  It  is  well  known  that  relaxations 
in  very  thin  foils  can  occur  because  of  the  proximity  of  the  foil  surfaces, 
and  so  it  is  possible  that  in  the  extremely  thin  sample  (from  which  the 
image  in  Fig.  2(b)  was  recorded)  such  relaxations  may  have  occurred, 
giving  a  more  optimistic  impression  of  the  degree  of  coherency  between 
the  two  phases  than  may  actually  exist  in  the  bulk. 

It  has  been  stated  above  that  the  present  results  are  consistent  with 
the  darker  phase  being  ordered  with  the  B2  crystal  structure.  In  a  recent 
study  by  Lu  et  al.  [  14]  on  an  Alnico  alloy,  two  ordered  phases,  B2  and  L2i, 
were  identified.  These  two  ordered  structures  differ  in  the  number  of 
their  sublattices,  B2  having  two  whereas  L2i  has  three.  STEM-HAADF 
imaging  with  the  beam  parallel  to  a  <  1 10>  zone  axis  permits  all  three 
sublattices  to  be  distinguished,  and  STEM-HAADF  images  recorded  in 
this  orientation  are  shown  in  Fig.  2(c),  the  image  formed  using  the 
raw  data,  and  in  Fig.  2(d),  showing  the  image  optimized  using  an  FFT- 
filter.  The  adjacent  atomic  columns  exhibit  a  bi-modal  modulation  in 


Fig.  3.  (a-f)  XEDS  elemental  maps  of  Al,  Ti,  Zr,  Mo,  Nb,  and  Ta,  respectively,  recorded  in  STEM  using  the  Super-X™  detector,  (g)  A  STEM-HAADF  image  with  a  white  line  identifying  the 
location  of  the  quantified  XEDS  line-scan  shown  in  (h). 
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Fig.  4.  (a)  STEM-HAADF  tomographic  reconstruction  of  an  Al1Moo.5NbiTao.5TiiZri  tapered 
needle  with  segmented  cuboidal  and  platelet  precipitates  superimposed  with  (b  and 
c)  XEDS  SI  tomographic  reconstructions  of  Zr  and  Ta  elemental  maps,  respectively. 


contrast,  from  which  it  is  reasonable  to  conclude  that  there  are  only  two 
sublattices.  For  these  images  to  be  consistent  with  the  L2i  structure,  the 
average  atomic  numbers  of  the  and  Bn  sublattice  would  have  to  be  es¬ 
sentially  the  same,  and  although  this  may  be  possible  theoretically,  in 
compositionally  complex  alloys,  it  seems  rather  unlikely.  It  is  concluded 
here  that  both  images  are  consistent  with  only  two  sublattices  and  the 
phase  has  the  B2  structure. 

As  shown  in  Fig.  3  (a-f),  a  region  of  the  ordered  phase  and  disor¬ 
dered  cuboidal  phase  microstructure  was  compositionally  mapped  in 
STEM  using  XEDS,  as  indicated  in  the  figure.  The  elemental  maps  clearly 
show  partitioning  of  Al,  Zr,  and  Ti  to  the  ordered  phase  and  Ta,  Mo,  and 
Nb  to  the  disordered  bcc  cuboidal  and  platelet  precipitate  phase.  Fig.  3 
(g)  exhibits  a  STEM-HAADF  image  with  a  white  line  indicating  from 
where  the  quantified  elemental  profiles  (Fig.  3(h))  were  recorded.  The 
line  profiles  reveal  a  relatively  sharp  chemical  interface  between  the 
two  phases,  when  taking  into  account  the  fairly  large  convergence 
angle  of  the  electron  beam  and  other  factors  leading  to  beam  spreading 
in  the  sample.  Also,  the  profiles  show  similar  compositions  of  the  differ¬ 
ent  morphologies  of  the  disordered  bcc  phase.  Quantification  of  the 
spectra  was  performed  using  the  Ka  energies  for  Nb,  Ti,  Zr,  and  Al,  the 
La  energy  for  Mo,  and  the  Ma  energy  for  Ta  to  avoid  overlapping 
peaks  from  known  spurious  X-ray  sources,  i.e.  the  Cu  Omniprobe  lift- 
out  grid.  Based  on  the  quantification  of  the  XEDS  spectra,  the  composi¬ 
tion  of  the  ordered  channel  phase  is  approximately  (in  at.%) 
Al24Mo7Nbi5Ta3Ti22Zr29  and  the  disordered  cuboidal  phase  is 
Al8Moi8Nb34Tai3Tii7Zrio.  The  average  atomic  number  of  the  ordered 
and  disordered  phase  is  approximately  30  and  40,  respectively,  consis¬ 
tent  with  the  contrast  differences  observed  between  the  B2  phase  and 
the  disordered  bcc  solid  solution  phase  in  the  STEM-HAADF  images. 

The  morphology  and  distribution  of  the  ordered  and  disordered 
phases  of  this  CCA  were  deduced  from  3D  reconstructions  of  data  ob¬ 
tained  by  electron  tomography  using  a  sample  with  a  tapered  needle 
geometry;  both  HAADF  and  XEDS  signals  were  used  to  reconstruct  the 


object.  In  contrast  to  conventional  FIB  lamella  geometry,  the  use  of  a  ta¬ 
pered  needle  geometry  in  conjunction  with  a  Fischione  on-axis  tomog¬ 
raphy  holder  allows  for  a  full  360°  of  rotation  without  an  increase  in 
cross-sectional  thickness  of  the  sample  or  a  risk  of  interference  with 
the  microscope  pole  piece.  The  tapered  needle  sample  was  prepared 
using  a  procedure  described  elsewhere  [12].  The  tomographic  recon¬ 
structions  using  the  STEM-HAADF  and  the  Ta  and  Zr  XEDS  spectral  im¬ 
ages  are  shown  in  Fig.  4.  The  morphology  of  the  disordered  bcc  phase,  as 
shown  in  Fig.  4(a),  is  a  mixture  of  stacked  plate-like  and  cuboidal  pre¬ 
cipitates.  It  appears  that  the  larger  cuboidal  precipitates  are  aligned 
such  that  each  cube  face  is  enclosed  by  a  stack  of  two  or  three  plate¬ 
like  precipitates  in  a  continuous  channeled  matrix  of  the  ordered  B2 
phase.  The  reconstructions  of  the  Zr  and  Ta  XEDS  maps,  shown  in  Fig. 
4(b)  and  (c)  respectively,  illustrate  the  partitioning  of  Zr  to  the  ordered 
B2  phase  and  Ta  to  the  disordered  cuboidal  and  platelet  precipitates. 
This  3D  compositional  variation  was  inherently  difficult  to  observe 
through  traditional  2D  characterization,  specifically  the  case  of  thin 
platelets  in  a  stacked  morphology  where  precipitate  projection  artifacts 
prevent  accurate  local  2D  compositional  measurements. 

In  summary,  the  microstructure  had  been  previously 
mischaracterized  as  consisting  of  two  bcc  phases.  Thus,  it  has  been 
shown  here  that  the  microstructure  consists  of  a  disordered  bcc  phase 
and  an  ordered  phase.  Secondly,  the  ordered  phase  has  the  B2  structure 
rather  than  L2i.  Thirdly,  the  two  phases  obey  an  OR  given  by  <  1 00>bcc// 
<1  00>b2,  {001  }bcc//{001  }b2,  and  they  are  fairly  coherent.  This  OR  and  the 
degree  of  coherency  imply  a  microstructural  formation  mechanism  in¬ 
volving  phase  separation.  Fourthly,  the  compositions  of  the  two  phases 
have  been  determined  and  the  chemical  interface  between  the  two 
phases  is  relatively  sharp.  Finally,  the  true  morphology  of  the  micro¬ 
structures  has  been  determined  by  electron  tomography,  and  it  has 
been  shown  that  the  microstructure  may  be  described  as  a  continuous 
channeled  B2  phase  with  a  discontinuous  disordered  bcc  phase. 
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